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The primer-template is incubated with modified T7 DNA nucleotides are mixed with nanoparticles that move through 
polymerase (United States Biochemical Corp., Cleveland, a nanoparticle channel 270 in fluid communication with the 
Ohio). The reaction mixture contains unlabeled deoxyad- microfluidic channel 260. Covalent attachment of nucle- 
enosine-5'-triphosphate (dATP) and deoxyguanosine-5'- otides to nanoparticles occurs within an attachment channel 
triphosphate (dGTP), digoxigenin-labeled deoxyuridine-5'- 5 280. The covalently bound nucleotide-nanoparticle com- 
triphosphate (digoxigenin-dUTP) and rhodamine-labeled P lexes P ass through a flow-through cell 290 where the 
deoxycytidine-5'-triphosphate (rhodamine-dCTP). The nucleotides are identified by a Raman detection unit 300. 
polymerization reaction is allowed to proceed for 2 hours at detection unit 300 comprises a laser 320 and Raman 

37° C. After synthesis of the digoxigenin and rhodamine detector 31 ,°- ™ e las «. «f» m e * c ltatl ° n 330 ^ 
labelednucleicacidlS.thetemplalestrandisseparatedfrom 10 ext f s ^elides witmn the flow-through cell 290 Saatod 
. . j „, . t + * nucleotides emit a Raman signal that is detected by the 

the labeled nucleic acid 13, and the template strand, DNA D . , 1A 

, , . , . . j ' , ^ Raman detector 310. 

polymerase and umncorporated nucleotides are washed out ]n embodiments of me invention> aaaopu&3es 

of the reaction chamber 11. ^ ^ recovered m a recycling chamber 340. The nano- 

Exonuclease 15 activity is initiated by addition of exo- 15 particles are chemically treated, for example with acid 
nuclease ID 15 to the reaction chamber 11. The reaction solutions, and then washed to remove bound nucleotides, 
mixture is maintained at pH 8.0 and 37° C. As nucleotides linker compounds and any other attached or adsorbed mol- 
16 are released from the 3' end 17 of the nucleic acid 13, they ecules. The nanoparticles may be recycled to a nanoparticle 
are transported by microfluidic flow down the flow path 12 reservoir 370 via a recycling channel 360. In some embodi- 
past the detection unit 18. 20 ments of the invention, nanoparticles may be coated with a 

linker compound, such as GOP, in the recycling channel 360 
Example 6 and/or the nanoparticle reservoir 370. Waste effluent is 

removed from the recycling chamber 340 via a waste 

Nucleic Acid Sequencing Using Covalent channel 350. 

Attachment to Nanoparticles 25 All of me METHODS and APPARATUS disclosed and 

claimed herein can be made and executed without undue 
experimentation in light of the present disclosure. It will be 
Another exemplary embodiment of the invention is dis- apparent to those of skill in the art that variations may be 
closed in FIG. 2. Nucleotides 130 are released from a nucleic applied to the METHODS and APPARATUS described 
acid by exonuclease activity as discussed above. In certain 30 herein without departing from the concept, spirit and scope 
embodiments of the invention, the nucleotides 130 are 0 f the claimed subject matter. More specifically, it will be 
unlabeled. Unlabeled nucleic acids directly purified from apparent that certain agents that are both chemically and 
any organ, tissue and/or cell sample or obtained by known physiologically related may be substituted for the agents 
cloning methods may be sequenced using exonuclease treat- described herein while the same or similar results would be 
ment. Released nucleotides 130 travel down a microfluidic 35 achieved. All such similar substitutes and modifications 
channel 110. apparent to those skilled in the art are deemed to be within 

The released nucleotides 130 are mixed with silver nano- sc °P e conce P t of me claimed Sub J eCt matter - 

particles 140, prepared according to Lee and Meisel (J. > ^f 1 ls claimed is: 

Phys.Chem. 86:3391 3395, 1982). The nanoparticles ar, 5 40 \ A q ^ cMy ^ %Q go]d or 

to 200 nm m size. Pnor to exposure to nucleotides 130, J Qr ^ * ic]e(s)i whe f ein me 

surface-modified nanoparticles 140 are coated with a silane, nuc i eo tide and nanoparticles are linked via a terminal 

such as 3-glycidoxypropyltnmethoxysilane (GOP), a reac- reactive cr oss-linking group, selected from the group 

live linker compound. GOP contains a terminal highly consisting of epoxide groups, azido groups, triazine 

reactive epoxide group. The silanized nanoparticles 140 are 45 g,. 0U p S ^1^0 groups and diazo groups; 
mixed with nucleotides 130 and allowed to form covalent b) syntn e S i z ing 0 ne or more nucleic acid molecules com- 
cross-links with the nucleotides 130. The nucleotide-nano- prising the goId or si i verj or go id 0 r silver nanopar- 

particle complexes 150 pass through a flow through cell 170 tides- 

and are identified by SERS, SERRS and/or CARS using a c) immobilizing the nucleic acid molecule of step (b) on 
Raman detection unit 180. Because of the close proximity of 50 a so ]j d su bstrate- 

the nucleotides 130 to the nanoparticles 140, the Raman d) sequentia ]] y leasing nucleotides from one end of one 
signals are greatly enhanced, allowing detection of single or more mcieic acid molecules via an exonuclease; 

nucleotides 130 passing through the flow-through cell 170. e) identifying the released unlabeled n ucleotides in a 

buffer comprising an alkali-metal halide salt by Raman 
Example 7 55 spectroscopy; and 

f) determining the sequence of the nucleic acid molecule. 
Apparatus for Nucleic Acid Sequencing 2. The method of claim 1, wherein single molecules of 

nucleotides are identified by Raman spectroscopy. 
FIG. 3 shows another exemplary embodiment of the 3. The method of claim 2, wherein a single nucleic acid 
invention. A DNA sequencing apparatus 210 comprises a 60 molecule is sequenced. 

reaction chamber 220 in fluid communication with an influx 4. The method of claim 1, wherein multiple nucleic acid 
channel 230 and an efflux channel 240. Fluid movement may molecules of the same sequence or multiple nucleic acid 
be controlled through the use of one or more valves 250. A molecules of different sequences are sequenced simulta- 
microfluidic channel 260 is also in fluid communication with neously. 

the reaction chamber 220. Nucleotides released from one or 65 5. The method of claim 1, wherein the alkali-metal halide 
more nucleic acids by exonuclease activity exit the reaction salt is selected from the group consisting of MgCl, CaCl. 
chamber 220 through the microfluidic channel 260. The NaF, KBr, Lil, and LiCl. 



